Coplanar polychlorinated biphenyls (PCBs) are well known to be one of the causal agents of Yusho 2, 3) and are widespread environmental pollutants. 4) Coplanar PCBs have been shown to produce toxic effects similar to those of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and, in particular, 3,3Ј,4,4Ј,5-pentachlorobiphenyl (PCB126) is the most toxic congener of all PCBs.
5) The mechanism of the toxicity induced by polychlorinated aromatic hydrocarbons, such as coplanar PCBs and TCDD, is not fully understood but is predominantly assumed to be attributable to an aryl hydrocarbon receptor (AhR)-mediated reaction. 6) Several enzymes, such as cytochrome P450 1A1 (CYP1A1), are up-regulated through the xenobiotic responsive element (XRE) that AhR binds as the heterodimer complex with AhR nuclear translocator. 7, 8) Unlike the activation of transcription, we know relatively little about the down-regulation of gene expression by TCDD or PCB126.
There are several TCDD-suppressible genes including cathepcin D, major histocompatibility complex Q1 b (MHC Q1 b ) and CYP2C11. [9] [10] [11] We previously reported that liver cytosolic aldolase B, a class I alcohol dehydrogenase and carbonic anhydrase III (CAIII) can be suppressed by PCB126 [12] [13] [14] (also see review 15) ). CAIII is unique among the carbonic anhydrases in that it also possesses phosphatase activity. 16) CAIII is considered to be regulated by redox status because the activity is controlled through glutathiolation, 17) however it has been shown that the phosphatase activity is extrinsic. 18) Interestingly, CAIII has been reported to acts as an antioxidant preventing H 2 O 2 -inducible apoptosis. 19) Oxidative stress is one of the toxic effects produced by PCB126 20) and TCDD. 21) Our current studies have shown that PCB126 treatment of rats results in a reduced glutathione peroxidase-redox system and catalase. 20, 22) We previously reported that PCB126 suppresses rat liver CAIII in protein and the mRNA expression level. 14) CAIII is a major protein in rat liver cytosol 23) and may be a regulator of redox status. 19) A dramatic reduction in CAIII in rat liver by PCB126 could account for the suppression of the defense system for oxidative stress. Hepatic CAIII of rat is suppressed by PCB126 in vivo with a dose-dependent fashion so that we assumed that AhR may be involved in the process. However, little is known whether the suppression of CAIII observed is due to the direct effect of dioxins on liver or factors derived from extrahepatic tissues affected by dioxins-treatment. Here we examined whether AhR ligand could elicit CAIII suppression in primary cultured hepatocytes to exclude the effect of the factors from extrahepatic tissues. We also determined the transcription initiation site of the rat CAIII gene and the XRElike element conserved between rats and mice. AhR ligands could elicit the suppressive effect on hepatic CAIII and the effect on the factors from extrahepatic tissues is not required for the suppression.
MATERIALS AND METHODS
Primary Culture Primary cultured hepatocytes were prepared from a male Wistar rat and maintained as described elsewhere. 24) Isolation of total RNA and the procedures for northern blotting were described previously. 24) Amplification of the 5-Flanking Region of the Rat CAIII Gene Male Wistar rats were purchased from Charles River Japan (Kanagawa, Japan). Liver was removed and approximate 50 mg aliquots were frozen in liquid nitrogen and stored at Ϫ80°C prior to use. Genomic DNA was isolated from the rat liver using DNA zol ® reagent (Gibco The effect of an aryl hydrocarbon receptor (AhR) ligand on the carbonic anhydrase III (CAIII) mRNA level was studied using primary cultured hepatocytes of rats. CAIII gene which is highly suppressible by dioxins in vivo, was also suppressible in primary cultured hepatocytes of rats by an AhR ligand, 3-methylchlanthrene (3MC). The suppression of CAIII by 3MC was observed in a dose-dependent fashion. The suppression was marked at 10 m mM MC. It is likely that AhR is involved in the suppression of the CAIII gene. The transcriptional regulation region of rat CAIII gene was cloned by polymerase chain reaction on the basis of the similarity to the mouse and human CAIII genes. A 1.5 kb section upstream of rat CAIII was sequenced and the transcription initiation site of this gene was mapped to 58 bases upstream of the initiation codon. A xenobiotic responsive element (XRE)-like sequence was found at ؊555 to ؊549 bp of the transcription initiation site. The location of XRE-like element was conserved between rats and mice those CAIIIs in liver were shown as dioxins-suppressible. Although the roles of the XRE have not been clarified, these results suggest that the AhR ligands could elicit the suppressive effect on hepatic CAIII and the effect on the factors from extrahepatic tissues is not required for the suppression.
BRL, Invitrogen, Carlsbad, CA, U.S.A.). PCR reaction in a final volume 25 ml consisted of 1ϫLA Taq TM buffer containing 0.4 mM deoxynucleotide triphosphates (dNTPs), 2.5 mM MgCl 2 , 200 nM of each specific primer, 0.25 ml of TaKaRa LA Taq TM DNA polymerase (TaKaRa, Tokyo, Japan) and 10 ng of rat hepatic genomic DNA as a template. In order to amplify the regulatory region of the dioxin-suppressible CAIII gene, a forward primer F-1 (5Ј-ACG GTA TTT GTT TCT CTG TG-3Ј) which corresponds to the nucleic acid position spanning Ϫ1585 to Ϫ1566 bp upstream of mouse CAIII initiation codon 25) was designed. Reverse primer R-1 (5Ј-CTT TCC TGT CTC TCA GCG-3Ј) that corresponds to the nucleic acid position spanning Ϫ21 to Ϫ4 (complement) from the initiation codon of rat liver CAIII cDNA (GenBank accession #AB030829) was also designed. Amplification of the CAIII regulatory region was performed as follows: 1st PCR (primer F-1 and R-1); 3 min at 94°C-(1 min at 94°C-1 min at 58°C-3 min at 72°C)ϫ30 cycles-3 min at 72°C-4°C. The 1557 bp product was subcloned into pGEM ® -T-Easy vector (Promega, Madison, WI, U.S.A.) and sequenced using the Applied Biosystems Dye-terminator DNA sequencing system (Foster City, CA, U.S.A.). Further, for the semi-nested 2nd PCR, sense primer F-2 (5Ј-TTC CAC AGT GCT ATT GTG TG-3Ј) that corresponds to the nucleotide positions spanning Ϫ1503 to Ϫ1484 from the initiation codon of the rat CAIII gene was designed on the basis of the newly determined sequence. Then, 1 ml of 10 4 diluted products from the 1st PCR were diluted to 25 ml with the 1ϫLA Taq TM buffer containing 200 nM of each specific primer, 0.4 mM of each dNTP, 2.5 mM MgCl 2 and 0.25 ml of TaKaRa LA Taq TM DNA polymerase. The semi-nested 2nd PCR amplifications of the CAIII regulatory region were performed as follows: 2nd PCR (primer F-2 and R-1); 2 min at 94°C-(1 min at 94°C-1 min at 65°C-1 min 40 s at 72°C)ϫ30 cycles-3 min at 72°C-4°C. The 1500 bp product was directly sequenced as described above. Potential transcription factor binding elements were assigned using the computer software MatInspector. 26) The nucleotide sequence reported in this study has been registered in the DDBJ/GenBank/EMBL database with accession number AB170009.
Determination of the Transcription Initiation Site
The transcription initiation site of the rat CAIII gene was determined by CapSite hunting (Nippon Gene, Tokyo, Japan). PCR reaction in a final volume 25 ml consisted of 1ϫEx Taq TM buffer containing 0.2 mM dNTPs, 400 nM of each specific primer, 0.25 ml of TaKaRa Ex Taq TM DNA polymerase (TaKaRa, Tokyo, Japan) and 0.5 ml of the Cap Site cDNA ® (Nippon Gene, Tokyo, Japan), rat liver as a template. Antisense primer R-1 (5Ј-CTC TGC AGG TCT TCC CAT TG-3Ј) that corresponds to the nucleic acid position spanning ϩ183 to ϩ202 (complement) from the initiation codon of rat liver CAIII cDNA was designed. Sense primers 1RC and 2RC were provided by the manufacturer. The PCR amplifications of the region containing the transcription initiation site of the CAIII gene were performed as follows: PCR (primer 1RC and R-1); 5 min at 95°C-(20 s at 95°C-20 s at 60°C-20 s at 72°C)ϫ35 cycles-5 min at 72°C-4°C. For the nested 2nd PCR, antisense primer R-2 (5Ј-AGG CTG CAG AGA GAA GGA TCA TGC-3Ј), which corresponds to the nucleotide positions spanning ϩ117 to ϩ138 (complement) of rat liver CAIII cDNA was designed. Sense primer 2RC was provided by the manufacturer. Then, 0.25 ml of the products from the 1st PCR were diluted to 25 ml with the 1ϫEx Taq TM buffer containing 0.2 mM dNTPs, 400 nM of each specific primer and 0.25 ml of TaKaRa Ex Taq TM DNA polymerase. The nested 2nd PCR amplifications of the region containing the transcription initiation site of CAIII gene were performed as follows: 2nd PCR (primer 2RC and R-2); 5 min at 95°C-(20 s at 95°C-20 s at 60°C-20 s at 72°C)ϫ25 cycles-5 min at 72°C-4°C. The PCR products were subcloned into pGEM ® -T Easy vector and the transcription initiation site of CAIII gene was determined by sequencing.
RESULTS AND DISCUSSION
The effect of an AhR ligand on the CAIII level was studied using primary cultured hepatocytes of rats. Previous studies have shown that suppression of hepatic CAIII was observed in vivo by dioxins in a dose-dependent fashion.
14) Figure 1 shows that an AhR ligand, 3-MC, suppresses the CAIII mRNA level in primary cultured hepatocytes in a dose-dependent manner. The suppression was marked at 10 mM 3-MC. Hepatic CAIII was also found as one of the TCDD-responsive genes in mice with significant suppression.
27) Thus, it is assumed that AhR is involved in the suppression of hepatic CAIII by AhR ligands including 3-MC as well as dioxins such as TCDD and PCB126. The AhR-XRE pathway is well recognized as being critical for the dioxin-responsive induction of certain genes such as CYP1A1. 8) It has been suggested that AhR is involved in the suppression of MHC Q1 b by TCDD. 10) However, the direct involvement of the AhR-XRE pathway in the negative regulation has so far not been fully characterized.
The transcriptional regulation regions of the CAIII gene which is highly suppressible by dioxins was cloned by polymerase chain reaction on the basis of the similarity to the mouse and human CAIII genes. A 1.5 kb section upstream of the CAIII gene was sequenced and the possible regulatory elements were mapped (Fig. 2) . The transcription initiation site Fig. 1 . Northern Blot of CAIII in Primary Cultured Rat Hepatocytes Following Exposure to 3-MC Primary cultured rat hepatocytes (60 mm dish) were treated with 3-MC at concentrations of 0.01, 0.1, 1.0 and 10 mM, respectively. For controls, hepatocytes were treated with vehicle (DMSO). After a 12 h exposure, cells were harvested and total RNA was isolated. In (A), Northern blot analysis was performed with a specific probe for CAIII. Normalization was carried out with a probe for b-actin. The probes used in Northern blotting have been described previously. 14) In (B), relative CAIII mRNA level calculated from (A) is shown. Value represents the mean of the relative band intensity of duplicate samples. One of the representative results was shown.
was mapped to 58 bases upstream of the initiation codon. The TATA-box was located at Ϫ31 to Ϫ25 bp of the transcription initiation site. A XRE-like sequence was found at Ϫ555 to Ϫ549 bp of the transcription initiation site. When the sequence was compared with that in the database (GenBank accession #AC095464), there were 4-base differences in the 5Ј-flanking region between the sequences, namely T(Ϫ1147)deletion, A(Ϫ807)G, T(Ϫ131)C, and A16G.
It has been reported that hepatic mRNA levels of the C/EBPa are reduced in TCDD-treated mice, while those of C/EBPb are increased.
28) The mechanism underlying the suppression of C/EBPa has not been elucidated but it is possible that the reduced C/EBP level plays a key role in the suppression of the CAIII gene if liver-enriched C/EBPa is a crucial transcription factor involved in constitutive CAIII expression. On the other hand, elements for nuclear factor-1 (NF-1) and nuclear factor-kB (NF-kB) have also been found upstream of the CAIII gene. Certain cytokines are capable of counteracting the induction of CYP1A1 by TCDD. 29) In addition, these could induce NF-kB. 30) Further, it has been suggested that AhR could interact with NF-kB. 31) In addition, it has been suggested that NF-1 could also interact with AhR. NF-1 could be involved in the negative feed-back mechanism for CYP1A1 induction.
32) It is possible that AhR interacts with other transcription factor(s) regulating the constitutive expression of CAIII. Since XRE is well known as a critical element for the Ah-receptor-dependent induction of enzymes such as CYP1A1, it is possible that a different mechanism(s) is involved in the suppression of the CAIII gene by dioxins if these XRE-like sequences found on the regulatory region of the CAIII gene are involved.
Rat CAIII is expressed abundantly in liver as well as skeletal muscle, but the suppression of CAIII by dioxins is likely to be liver-specific. 33) There is a report that CAIII is expressed in a skeletal muscle-specific fashion in humans. 34) On the other hand, CAIII is also found in human liver. 35) Nevertheless, how dioxins affect human CAIII remains largely unknown. There is a report that the hepatic CAIII level is markedly reduced in human hepatocellular carcinoma. 35) Further, C/EBP-a and -b are down-regulated in human hepatocellular carcinoma. 36) When the 5Ј-flanking 1.5 kbp sequence of the human and mouse CAIII genes were analyzed for potential transcription factor binding sites, putative elements for C/EBP were observed. 25) It is possible that these liver-enriched factors are involved in the regulation of the human CAIII gene although it should be clarified whether dioxins also suppress C/EBPs in humans. While an XRE-like element in 5Ј-flanking region of mouse CAIII gene (AJ006474) is located at similar position to that of rat CAIII gene, an XRE-like element is found in 5Ј-flanking region of human CAIII gene (AJ006473) which is located at downstream of TATA-box, Ϫ62 to Ϫ40 of the initiation codon. Although the roles of the XRE have not been clarified, these results suggest that the AhR ligands could elicit the suppressive effect on hepatic CAIII and the effect on the factors from extrahepatic tissues is not required for the suppression. Further studies are needed to elucidate whether XRE on the 5Ј-flanking region of the CAIII gene is involved in such liver-specific suppression of CAIII in the rat.
